The iscU gene in bacteria is located in a gene cluster encoding proteins implicated in iron-sulfur cluster assembly and an hsc70-type (heat shock cognate) molecular chaperone system, iscSUAhscBA. To investigate possible interactions between these systems, we have overproduced and purified the IscU protein from Escherichia coli and have studied its interactions with the hscA and hscB gene products Hsc66 and Hsc20. IscU and its iron-sulfur complex (IscU-Fe͞S) stimulated the basal steady-state ATPase activity of Hsc66 weakly in the absence of Hsc20 but, in the presence of Hsc20, increased the ATPase activity up to 480-fold. Hsc20 also decreased the apparent Km for IscU stimulation of Hsc66 ATPase activity, and surface plasmon resonance studies revealed that Hsc20 enhances binding of IscU to Hsc66. Surface plasmon resonance and isothermal titration calorimetry further showed that IscU and Hsc20 form a complex, and Hsc20 may thereby aid in the targeting of IscU to Hsc66. These results establish a direct and specific role for the Hsc66͞Hsc20 chaperone system in functioning with isc gene components for the assembly of iron-sulfur cluster proteins. P roteins containing iron-sulfur clusters possess important redox, catalytic, and regulatory functions, but the mechanism by which their clusters are formed or repaired is not known (see refs. 1-3). Much of the limited information on this subject has been provided by studies on the nif operon of nitrogen-fixing bacteria, which encodes proteins necessary for the assembly of the Fe͞S centers present in the nitrogenase system. Recently, homologs of nif genes have been found in both nitrogen-fixing and non-nitrogen-fixing bacteria, and these coding regions have been designated isc genes for their putative roles in iron sulfur cluster formation (4). These genes include iscS, homologous to nifS, which encodes a cysteine desulfurase shown to provide sulfide for Fe͞S cluster formation (5, 6); iscU, homologous to nifU, which encodes a protein implicated in Fe͞S binding (7); and iscA, homologous to nif ORF 6, whose function is not known (8).
The iscU gene in bacteria is located in a gene cluster encoding proteins implicated in iron-sulfur cluster assembly and an hsc70-type (heat shock cognate) molecular chaperone system, iscSUAhscBA. To investigate possible interactions between these systems, we have overproduced and purified the IscU protein from Escherichia coli and have studied its interactions with the hscA and hscB gene products Hsc66 and Hsc20. IscU and its iron-sulfur complex (IscU-Fe͞S) stimulated the basal steady-state ATPase activity of Hsc66 weakly in the absence of Hsc20 but, in the presence of Hsc20, increased the ATPase activity up to 480-fold. Hsc20 also decreased the apparent Km for IscU stimulation of Hsc66 ATPase activity, and surface plasmon resonance studies revealed that Hsc20 enhances binding of IscU to Hsc66. Surface plasmon resonance and isothermal titration calorimetry further showed that IscU and Hsc20 form a complex, and Hsc20 may thereby aid in the targeting of IscU to Hsc66. These results establish a direct and specific role for the Hsc66͞Hsc20 chaperone system in functioning with isc gene components for the assembly of iron-sulfur cluster proteins. P roteins containing iron-sulfur clusters possess important redox, catalytic, and regulatory functions, but the mechanism by which their clusters are formed or repaired is not known (see refs. [1] [2] [3] . Much of the limited information on this subject has been provided by studies on the nif operon of nitrogen-fixing bacteria, which encodes proteins necessary for the assembly of the Fe͞S centers present in the nitrogenase system. Recently, homologs of nif genes have been found in both nitrogen-fixing and non-nitrogen-fixing bacteria, and these coding regions have been designated isc genes for their putative roles in iron sulfur cluster formation (4) . These genes include iscS, homologous to nifS, which encodes a cysteine desulfurase shown to provide sulfide for Fe͞S cluster formation (5, 6) ; iscU, homologous to nifU, which encodes a protein implicated in Fe͞S binding (7) ; and iscA, homologous to nif ORF 6, whose function is not known (8) .
In bacteria, the isc genes are found in a highly conserved gene cluster, iscSUA-hscBA-fdx, which also encodes an hsp70-type molecular chaperone designated Hsc66 (hscA; refs. 9-11), a J type cochaperone designated Hsc20 (hscB; refs. 10 and 11), and a [2Fe-2S] ferredoxin ( fdx; ref. 12). The exact cellular roles of the chaperones and ferredoxin are not known, but the conserved association of their genes with the isc genes suggests a possible function in the assembly and͞or repair of iron-sulfur cluster proteins. Recent studies in which overexpression of the iscSUAhscBA-fdx gene region in Escherichia coli yields increased production of recombinant iron sulfur proteins (13, 14) support such a function. It also seems likely that similar proteins are involved in iron-sulfur cluster assembly in eukaryotes. Earlier studies showed that bacteria and yeast are able to assemble the ironsulfur center of a human [2Fe-2S] protein, suggesting a conserved mechanism of cluster assembly (15, 16) , and recent studies with Saccharomyces cerevisiae have implicated homologs of IscS (17) (18) (19) , IscU (20, 21) , IscA (22) , Hsc20 (17), Hsc66 (17) , and Fdx (23) in iron-sulfur protein biogenesis.
To understand better the molecular mechanism of Fe͞S cluster assembly, we have begun studies to investigate interactions between the isc proteins and the Hsc66͞Hsc20 chaperone system. In the studies presented herein, we describe the initial characterization of the iscU gene product from E. coli and show that IscU functions together with Hsc20 to regulate the activity of Hsc66. The results provide direct evidence for a link between a class of proteins that mobilize iron and sulfur for cluster assembly͞repair and a molecular chaperone system.
Experimental Procedures
Materials. E. coli W3110 was from American Type Culture Collection (ATCC no. 27325); DH5␣FЈIQ cells were from GIBCO͞BRL; and BL-21 (DE3)pLysS cells were from Novagen. Enzymes for DNA manipulation were obtained from Roche Molecular Biochemicals, New England Biolabs, or United States Biochemical. Synthetic oligonucleotides were obtained from Genosys (The Woodlands, TX). Bacterial growth medium components were from Difco, and other reagents were from Sigma.
Expression and Purification Methods. The vector used for overexpressing IscU, pTrcIscU, was constructed by cloning the iscU gene into pTrc99a (Amersham Pharmacia). The coding region of iscU was amplified from genomic DNA isolated from E. coli K-12 strain by PCR with Taq DNA polymerase and primers designed to introduce a NcoI restriction site at Met-1 and a HindIII site following the termination codon. The NcoI͞HindIII-digested PCR product was ligated into pTrc99a, and sequencing showed the iscU gene to be identical to that reported by the E. coli genome project (24) .
BL-21 cells transformed with pTrcIscU were grown in Terrific Broth at 37°C, induced with 0.25 mM isopropyl ␤-Dthiogalactoside (IPTG) at A 600 Ϸ 1, and grown for Ϸ16 h to allow expression. Cells were harvested by centrifugation, frozen, thawed, and lysed by French press in TED8 buffer (50 mM Tris⅐HCl, pH 8.0͞0.5 mM EDTA͞1 mM DTT) containing 0.1 mM phenylmethylsulfonyl fluoride. The soluble supernatant fluid after centrifugation at 31,000 ϫ g was used for purification, and all subsequent steps were carried out in TED8 buffer at 4°C. The IscU protein was monitored by SDS͞PAGE and purified by ion-exchange chromatography with DEAE-cellulose (Whatman DE-52), DEAE-Biogel (Bio-Rad), and elution gradients of 0-0.15 M NaCl, followed by reverse-phase chromatography with phenyl-Sepharose (Amersham Pharmacia) and an elution gradient of 30-15% (vol͞vol) saturated ammonium sulfate. Purified fractions of IscU protein were combined, dialyzed against 50 mM Abbreviations: SPR, surface plasmon resonance; IPTG, isopropyl ␤-D-thiogalactoside; RU, response units.
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Hepes, pH 7.3͞0.5 mM EDTA͞1 mM DTT, concentrated by ultrafiltration, and stored at Ϫ70°C.
Methods for the preparation of Hsc66 and Hsc20 (11) and of DnaK and DnaJ (25) 3) containing 5 mM DTT. The mixture was applied to a DEAE-cellulose column (DE-52, Whatman) to remove excess iron-sulfide precipitate, and the red-brown Fe͞S complex of IscU was eluted from the column by washing with 50 mM Tris⅐HCl, pH 7.3͞5 mM DTT͞500 mM NaCl. Aliquots of the IscU-Fe͞S complex were removed from the anaerobic chamber in sealed ampoules. ATPase and surface plasmon resonance (SPR) assays were carried out under semianaerobic conditions (see below), and the IscU-Fe͞S complex was stable for Ͼ30 min under conditions of the ATPase and Ͼ5 min under conditions of the SPR assay as assessed by a lack of change in the visible-UV absorption spectrum. Under anaerobic conditions, the complex also remained stable in the presence of a 100-fold molar excess of EDTA (5 mM) for Ͼ30 min, indicating that iron is lost only very slowly from the cluster. Under conditions required for isothermal titration calorimetry (see below), the IscU-Fe͞s complex decomposed too rapidly to obtain reliable measurements. A more extensive characterization of the complex is in preparation (K.G.H. and L.E.V., unpublished observations).
ATPase Assays. ATPase activities were determined at 23°C as before (11) by measuring phosphate released with a coupled enzyme assay (26) with the EnzCheck phosphate assay kit (Molecular Probes). The basal ATPase activity of Hsc66 was 0.08 mol ATP hydrolyzed per mol Hsc66 per min; purified IscU and Hsc20 alone did not exhibit detectable ATPase activity (Ͻ0.0001 min Ϫ1 ). Curves shown in figures represent a least-squares fit of the data to a hyperbolic saturation function.
SPR Analysis. SPR studies were carried out at 25°C with a Biacore X instrument (Piscataway, NJ). Hsc66 in the presence of 1 mM ATP or Hsc20 was randomly crosslinked to the surface of the sensor chip by amine coupling as recommended by the manufacturer. Experiments were conducted in HKM buffer (50 mM Hepes, pH 7.3͞150 mM potassium chloride͞10 mM magnesium chloride) containing 5 mM DTT as the running buffer at a flow rate of 20 l͞min. Hsc20 or IscU that had been dialyzed against running buffer was used for injections; maximal signals were measured 1-2 min after injections. Binding of IscU seemed to be specific, because no interaction was observed by sensor chips prepared without Hsc66 or Hsc20. Experiments were repeated to verify that changes in the sensor chip did not occur during the course of the measurements. Curves shown in figures represent least-squares fits of the data to a hyperbolic saturation function, and error bars are shown where these fell outside of the symbols used. The amount of immobilized Hsc66 or Hsc20 that was capable of binding IscU was estimated by comparison of the response signals obtained after immobilization of Hsc66 or Hsc20 on the sensor chip, and those resulting from IscU binding were corrected for the relative masses of the proteins.
Isothermal Titration Calorimetry. A Microcal (Amherst, MA) Omega titration calorimeter was used to investigate the binding of IscU and Hsc20 by using procedures described previously (27) .
Analytical Methods. SDS͞PAGE was carried out according to the method of Laemmli (28) , and N-terminal amino acid sequencing used Edman degradation (determined by A. Henshen-Edman, Univ. of California, Irvine). Antiserum to purified IscU was prepared from a single rabbit by Bethyl Laboratories (Montgomery, TX), and serum was used without further purification. Western immunoblotting was carried out (29) by using enhanced chemiluminescence detection (Amersham Pharmacia). A 1:750 dilution of rabbit anti-IscU serum was followed by a 1:10,000 dilution of an anti-rabbit horseradish peroxidase conjugate. Absorption spectra were recorded with a Cary 1 spectrophotometer (Varian). The UV extinction coefficient of IscU, 280 ϭ 11,200 (M⅐cm) Ϫ1 , was calculated based on average absorptivities of one tryptophan and four tyrosine residues (30-32); concentrations of IscU-Fe͞S were determined by the Coomassie blue G250 method (Bio-Rad; ref. 33 ) with apo-IscU as a standard.
Results
Overexpression and Purification of IscU. The iscU gene was subcloned into the IPTG-controlled expression plasmid pTrc99 to yield pTrcIscU, and Fig. 1A shows an SDS͞PAGE analysis of E. coli BL-21 cells harboring the plasmid. IscU is predicted to have a mass of 13.8 kDa, and a prominent band of Ϸ17 kDa is present in IPTG-induced cells. Recombinant IscU was isolated from overproducing cells by anion exchange and hydrophobic chromatography with an overall yield of Ϸ50 mg͞liter of culture, and a single major band was observed on SDS͞PAGE analysis of the purified protein (Fig. 1 A) . N-Terminal sequence analysis revealed a single sequence, Ala-Ser-Glu-Lys-Val-, indicating re- moval of Met-1 as expected for proteins in which alanine is the penultimate residue (34, 35) .
Antiserum to purified IscU was raised in rabbits and used to estimate the cellular level of the IscU protein. As shown in the Western immunoblot in Fig. 1B , IscU is readily detected in cultures of the prototrophic K-12 strain, W3110, the laboratory K-12 derived strain, DH5␣, and the B strain, BL-21. Comparing the band intensities observed for these cells with purified IscU, we estimate that for cultures grown overnight to stationary phase at 37°C in rich medium, IscU comprises Ϸ0.4% of the total cell protein, corresponding to a cellular concentration of Ϸ40 M IscU; similar results were obtained with cells grown to log phase (data not shown). The cellular level of IscU is slightly greater than that estimated for Hsc66 and Hsc20 (20 and 10 M, respectively; ref.
11).
Stimulation of Hsc66 ATPase Activity. Initial studies on possible interactions between IscU and the Hsc66͞Hsc20 chaperone system were carried out by determining the effect of IscU on the ATPase activity of Hsc66. Fig. 2 shows that addition of 50 M IscU increases the steady-state ATPase activity of Hsc66 Ϸ5-fold over basal activity. The observed increase can be compared with the Ϸ4-fold increase that is observed with a similar concentration of the cochaperone Hsc20. Addition of both Hsc20 and IscU to Hsc66 resulted in a dramatic stimulation, increasing the ATPase activity of Hsc66 Ϸ100-fold over the level observed in the presence of Hsc20 or IscU alone and Ͼ400-fold over the basal intrinsic activity.
The synergistic effect of Hsc20 on the IscU stimulation of Hsc66 ATPase activity was investigated further by comparing the concentration dependence of IscU stimulation in the absence and presence of Hsc20 (Fig. 3) . In the absence of Hsc20, IscU elicits a maximal stimulation of Ϸ8-fold, and half-maximal stimulation is observed at Ϸ34 M IscU, a value in the range of the estimated cellular concentration of IscU. These values are similar to those observed for Hsc20 effects on activity (maximal stimulation Ϸ5-fold, with half-maximal activation occurring near the cellular concentration Ϸ10 M; refs. 11 and 25). In the presence of a near-saturating level of Hsc20, a maximal stimulation by IscU of Ϸ360-fold over basal activity is observed. In addition, the concentration of IscU required for half-maximal stimulation decreases to Ϸ2 M IscU. Thus, Hsc20 both enhances the stimulatory activity of IscU on Hsc66 and lowers the concentration of IscU required to activate the ATPase activity of Hsc66. In similar experiments, IscU had no significant effect on the concentration dependence of Hsc20 for stimulation of Hsc66 ATPase activity (data not shown). Thus, although Hsc20 enhances the interaction of IscU with Hsc66, IscU does not affect the affinity of Hsc20 for Hsc66.
Effect of the IscU Fe͞S Cluster on Activity. As isolated, recombinant IscU does not contain bound metal ions, but it is able to form an Fe͞S cluster when reconstituted with Fe 3ϩ and sulfide under anaerobic conditions. Dean and coworkers (7) have shown recently that the N-terminal domain of NifU, which is homologous to IscU, also forms a transient [2Fe-2S] cluster. To determine whether Fe͞S cluster formation affects the ability of IscU to interact with Hsc66, we prepared the IscU-Fe͞S complex and measured its effect on the ATPase activity of Hsc66 (Fig. 4) . The visible͞near-UV absorption spectrum of the Fe͞S complex of IscU is similar to that described for the NifU-1 domain of NifU (7), consistent with a similar [2Fe-2S] cluster. † In the absence of Hsc20, the IscU-Fe͞S complex elicits a low level of stimulation (Ϸ7-fold maximal increase) similar to that produced by apo-IscU. The concentration required for half maximal stimulation (Ϸ160 M), however, is much greater than that for apo-IscU, suggesting that IscU-Fe͞S binds to Hsc66 with lower affinity. In the presence of Hsc20, on the other hand, IscU-Fe͞S is very active in stimulating Hsc66. Half-maximal stimulation occurs at Ϸ2 M IscU-Fe͞S, a value similar to that observed for apo-IscU, and maximal stimulation (Ϸ480-fold) is similar to or slightly greater than that for apo-IscU.
Binding of IscU to Hsc66. SPR analysis was used to investigate the interaction of IscU with Hsc66 further. Fig. 5 shows the results of titrations in which Hsc66 was randomly crosslinked to the sensor chip and then exposed to different concentrations of IscU in the presence or absence of Hsc20. In the absence of Hsc20, IscU binds to Hsc66 with an apparent half-maximal affinity that is close to the concentration of IscU required for half-maximal stimulation of Hsc66 activity. In the presence of Hsc20, IscU exhibits enhanced affinity with half-maximal binding occurring at a lower concentration. The maximal signal observed as a result of IscU binding was similar in the absence and presence of Hsc20, consistent with binding to the same fraction (Ϸ27%) of immobilized Hsc66.
Binding of IscU to Hsc20. Because the ATPase and SPR studies revealed that Hsc20 enhances the affinity of IscU for Hsc66, we investigated the possibility of direct interactions between Hsc20 and IscU with SPR. Fig. 6 shows the results of titrations in which Hsc20 was randomly crosslinked to the sensor chip and exposed to different concentrations of IscU or IscU-Fe͞S. Both forms bind to immobilized Hsc20 with high affinity. The maximal signal observed for binding of IscU-Fe͞S, however, was approx- imately twice that observed for IscU. For IscU, the maximal relative response signal observed corresponds to binding to Ϸ38% of the immobilized Hsc20, if binding is assumed to yield a 1:1 complex. For IscU-Fe͞S, the signal strength suggests binding either to Ϸ86% of the immobilized Hsc20 as a 1:1 complex or to Ϸ43% as a 2:1 IscU-Fe͞S:Hsc20 complex. Assuming that IscU and IscU-Fe͞S bind to the same site on Hsc20, these results suggest that IscU-Fe͞S binds to Hsc20 as an oligomer twice the size of the form of IscU that binds to Hsc20. ‡ Because of possible complications in the SPR binding studies arising from surface and͞or immobilization effects, we used isothermal titration calorimetry to quantitate the interaction between IscU and Hsc20 in solution more accurately. Fig. 7 shows the results of an experiment in which successive additions of IscU were made to a solution containing Hsc20. The data are plotted as the integrated heats of binding vs. the molar ratio of IscU to Hsc20, and the best fit curve shown corresponds to binding of 1.07 mol IscU͞mol Hsc20 with K d ϭ 12.9 M. It was not possible to carry out isothermal titration calorimetry studies on the interaction of the IscU-Fe͞S complex with Hsc20 because of the limited stability of the IscUFe͞S complex under the partially aerobic conditions of the experiment. The higher affinity observed for IscU in the SPR studies in Fig. 6 may have resulted from nonspecific effects at the sensor surface and͞or cooperative effects of multimeric binding sites as a result of immobilization. § Both methods, however, support the formation of an Hsc20 -IscU complex, and this complex may account for the enhanced affinity of IscU for Hsc66 in the presence of Hsc20 that was observed in the ATPase studies (Figs. 2-4) .
Interactions of IscU with DnaK and DnaJ. Possible interactions of IscU with the DnaK͞DnaJ chaperone system were also investigated. IscU had a much weaker effect on the basal ATPase activity of DnaK compared with its effects on the Hsc66 (1.35-fold vs. 5-fold stimulation with 50 M IscU) and showed no enhancement of the DnaJ-stimulated DnaK ATPase activity. Furthermore, unlike Hsc20, DnaJ did not enhance the IscU stimulation of Hsc66 ATPase activity (data not shown). These results suggest that IscU interacts specifically with the Hsc66͞ Hsc20 chaperone system.
Discussion
Previous studies established that Hsc66 and Hsc20 comprise a separate hsp70-type chaperone system with substrate specificity and ATPase kinetics distinct from those of the DnaK͞DnaJ͞GrpE system (11, 25, 26) . Structural differences between Hsc20 and DnaJ as well as differences in their stimulatory effects on Hsc66 and DnaK further suggested that the two systems might be subject to different regulatory control mechanisms. Although the exact cellular role of the Hsc66͞Hsc20 system was not known, the close association in bacteria of the hscA and hscB genes with genes encoding proteins implicated in iron-sulfur cluster assembly suggested a role for Hsc66 and Hsc20 in Fe͞S protein biogenesis.
The results presented herein provide direct evidence that Hsc66 and Hsc20 are involved in Fe͞S cluster assembly. IscU seems to serve a role similar to that proposed for NifU as a template site for assembly of a [2Fe-2S] cluster (7), and both Hsc66 and Hsc20 interact with the IscU protein. Binding of IscU to Hsc66 was shown by stimulation of the intrinsic ATPase activity of Hsc66 and by SPR measurements, and both effects were observed at physiologically relevant concentrations of IscU. The mechanism of stimulation of the ATPase activity of Hsc66 by IscU is not known. It could arise from actions of IscU as an additional regulatory protein in addition to Hsc20. Another possibility is that the increase in Hsc66 ATPase activity could result from interaction of IscU with the peptidebinding domain of Hsc66, i.e., with IscU serving as a ''substrate'' for Hsc66. Hsc66 may assist in Fe͞S cluster formation by maintaining IscU in a conformation suitable for cluster assembly; alternatively, Hsc66 may facilitate the transfer of the cluster from IscU-Fe͞S to an acceptor apoprotein.
In addition to its interactions with Hsc66, IscU also directly interacts with Hsc20, and in the presence of Hsc20, the affinity of IscU for Hsc66 is increased Ͼ18-fold. The mechanism whereby Hsc20 enhances the affinity of IscU for Hsc66 is not known. The increased affinity may involve direct stabilization of the IscU-Hsc66 complex. Alternatively, interactions of Hsc20 with Hsc66 may cause conformational changes in Hsc66 that lead to more productive and higher affinity interactions with IscU. Russell et al. (36) have shown the ''targeting'' of peptide substrates to DnaK by DnaJ is the result of the ATPase stimulatory activity of DnaJ, which leads to formation of the high-affinity ADP conformational state and thereby contributes to DnaK substrate specificity. A similar type of kinetic mechanism may be important in Hsc20-IscU-Hsc66 interactions and may reflect the role of IscU as a substrate for Hsc66. In contrast to DnaJ, however, Hsc20 does not display intrinsic chaperone activity and lacks the C-terminal domains necessary for Hsp40 interactions with unfolded polypeptides (37) (38) (39) . Instead, Hsc20 has a unique C-terminal domain that is predicted to exist as a coiled coil (40) , and this region may be responsible for the specific interactions with IscU. ¶ Hsc20 also has a synergistic effect on the IscU stimulation of the ATPase activity of Hsc66, increasing the rate Ͼ50-fold over ‡ IscU seems to exist as a dimer in solution (unpublished observations) and may bind to immobilized Hsc20 in the dimeric state. Thus, the observed binding of IscU would correspond to Ϸ19% of the immobilized Hsc20, and binding of IscU-Fe͞S would thus correspond to binding of a tetrameric form to Ϸ22% of the immobilized Hsc20. § The oligomeric state of IscU and IscU-Fe͞S may lead to enhanced binding to immobilized Hsc20 via multiple binding sites. We have observed that the apparent affinity of IscU for Hsc20 depends on the amount of immobilized Hsc20, suggestive of multimeric attachment (data not shown). ¶ SPR experiments have shown that IscU is able to bind to a mutant of Hsc20 (His32Cys) specifically crosslinked to the sensor chip via the J domain, consistent with a role for the C-terminal coil domain in binding interactions (unpublished work). that found at saturating levels of IscU alone. Binding of both IscU and Hsc20 would thus enhance the rate of conversion of Hsc66 from a state exhibiting rapid substrate exchange and low substrate affinity (the ATP-bound ''tense'' state) to one with greater substrate affinity and slower exchange rates (the ADPbound ''relaxed'' state; ref. 27) . In this manner, Hsc20 may serve to control the association of IscU with Hsc66. It will be interesting to investigate the interaction of Hsc66, Hsc20, and IscU with other components of the iron-sulfur cluster assembly system. Several lines of evidence have linked the functions of yeast homologs of IscS, IscA, and Fdx to those of IscU, Hsc20, and Hsc66 as well as Fe͞S biogenesis (17) (18) (19) (20) (21) (22) (23) , and elucidation of the complete molecular mechanism of cluster assembly will require detailed studies with reconstituted systems containing each of the components.
